Pilot studies have suggested that treatment with recombinant human growth hormone (rhGH) is associated with increased T-lymphocyte restoration and enhanced thymic output. We evaluated the immunologic effects of rhGH on HIV þ subjects with incomplete immune reconstitution on antiretroviral therapy (ART). Sixty subjects were randomized to receive rhGH 1.5 mg scqd and ART for 48 weeks (Arm A) or continue ART alone for 24 weeks then add rhGH 3.0 mg scqd for 24 weeks (Arm B). Median baseline CD4 for Arms A and B were 223 and 219, respectively. There was little difference between Arm A and Arm B in change in total or naive CD4 cells or percentage from baseline to week 24. Only one subject in Arm A met the primary endpoint, an increase in naive CD4 percentage of at least 10 percentage points. By week 48 both Arms had statistically significant increases in naive CD4 cell count and percentage and thymus size. Within Arm B, treatment with rhGH was associated with significant increases in naive CD4 þ cell count and percentage compared with ART alone. Treatment with rhGH þART may be associated with modest increases in CD4 lymphocytes over ART alone in subjects with CD4 <350, yet the origin of these naive cells and their impact on immune function require further investigation
Introduction

H
IV disease is associated with a decline in naive and memory CD4
þ T cells and with the progressive loss of immune response to antigens, including HIV itself. [1] [2] [3] Following treatment with antiretroviral therapy (ART) significant improvements in naive and memory CD4 þ T cells are observed in most patients. [4] [5] [6] However, in many patients with moderately advanced HIV disease (CD4 þ T cells <300 cells=mm 3 ), cellular restoration following ART is incomplete. 6, 7 Naive and memory CD4 þ T cell counts improve but often do not return to the levels seen in HIV-seronegative persons. Furthermore, although the immune response to antigens improves and the incidence of opportunistic diseases declines, the restoration of immune competence against some pathogens is incomplete, and HIV-specific immune responses remain weak or absent in most patients despite long-term therapy. [6] [7] [8] The lack of complete immune restoration following ART results, at least in part, from a limitation in the ability of the thymus to produce new naive CD4 þ T cells. 7, 9, 10 Therapy with growth hormone is associated with increases in thymic mass, improvement in thymic function, and lymphocyte proliferation in animals. [11] [12] [13] [14] The administration of growth hormone leads to improvements in cell-mediated HIV-specific responses in mice following vaccination with HIV antigens. 15 In a pilot study of five HIV-infected subjects, treatment with recombinant human growth hormone (rhGH) increased naive CD4 þ T cell percentage and thymus size and volume as measured by computerized tomography (CT) scan. 16 The current study sought to test the hypothesis that administration of rhGH to HIV-infected adults with partial immune reconstitution on ART will enhance cellular immune restoration and cell-mediated response to antigens. ACTG 5174 was a randomized, open-label, two-stage pilot study to examine the immunologic effects of rhGH in HIV-infected subjects with incomplete immune restoration on ART, defined as having an absolute CD4 þ T cell count <350 cells=mm 3 after at least 1 year of ART. Specifically we examined the effect of rhGH on total and naive CD4 lymphocytes, thymic size, recent thymic emigrants as measured by T-lymphocyte recombinant excision circle (TREC) content in peripheral blood mononuclear cells (PBMCs), and response to vaccine antigens and HIV-1.
Materials and Methods
Subjects
Sixty subjects with HIV infection who were treated with ART for !1 year, who had plasma HIV-1 RNA <400 copopies=ml for !6 months prior to entry, and who had CD4 þ T cells <350 cells=mm 3 were enrolled in the study. Subjects were randomized to receive rhGH 1.5 mg sc once a day plus ART for 48 weeks (Arm A) or continue ART alone for 24 weeks followed by addition of rhGH 3.0 mg sc once a day for 24 weeks (Arm B). After discontinuing rhGH at week 48, subjects in both Arms were followed to week 72. Thirty-one subjects (15 on Arm A and 16 on Arm B) were enrolled into a substudy in which they underwent CT scan of the chest to assess thymus size.
The protocol, the informed consent, and all protocol modifications were reviewed and approved by the institutional review board or ethics committee responsible for oversight of the study at each of the participating sites. A Safety Monitoring Committee reviewed interim safety and efficacy data 1 year after the enrollment of the first subject. This review found that the data did not suggest any significant safety issues with rhGH treatment at either 1.5 mg or 3.0 mg per day and recommended that the study continue without change.
HIV-1 RNA quantification
HIV-1 RNA was performed using the ultrasensitive polymerase chain reaction (PCR)-based assay (detection limit 50 copies=ml) by laboratories certified by the DAIDS Virology Quality Assurance (VQA) program and CLIA certification or its equivalent.
T-Lymphocyte subsets
PBMCs were isolated by density centrifugation. Advanced four-color flow cytometry was performed using antibodies for CD3, CD4, CD45RA, CD45RO, CD62L, CD31, CD28, HLA-DR, Ki67, and CD38 that were conjugated to either fluorescein isothiocyanate, phycoerythrin, peridininchlorophyll-protein, or allophycocyanin (APC) (Becton Dickinson-Pharmingen, San Jose, CA). Naive CD4 þ T cell subset was defined as the proportion of CD3
þ , the memory T cell subset was defined as the proportion of CD45RA -CD45RO þ , and the activated T cell subset was defined as the proportion of CD4 þ and CD8 þ T cells that coexpressed HLA-DR and CD38. In addition, we also determined the frequency of
Participating immunology laboratories were certified by DAIDS.
Pathogen-specific lymphoproliferative assay
CD4
þ T cell lymphoproliferative assays (LPA) for pokeweed mitogen (0.1 mg=ml; Sigma Chemical, St. Louis, MO), Candida CASTA antigen (10 mg=ml:, Greer Laboratory, Lenoir, NC), keyhole limpet hemocyanin (KLH, 50 mg=ml, Intracel Corp), and HIV p24 antigen=control (1:400 dilution, National Cancer Institute, Bethesda, MD) were done on fresh PBMCs as described previously. 17 Results were expressed as stimulation index (SI), defined as the ratio of the median counts per minute of the wells with antigen to the median counts per minute of the wells without antigen. An SI of >10 was considered positive. A new response was defined as SI >10 that was also a threefold increase.
TREC assay: Measurement of recent thymic emigrants
TRECs were measured on PBMCs using methods that have been described elsewhere. 18 
Thymus size
Thymus size was assessed via CT scan of the chest as previously described. 19, 20 Briefly, noncontrast CT scans consisted of contiguous 5-mm sections from the sternal notch through the xiphoid. Radiologists (B.H.G., I.R.F.) scored the CT scan giving it a thymic index from 0 to 5 whereby 0 represents lack of thymic tissue and an organ entirely replaced by fat, 1 represents barely recognizable thymic tissue, 2 represents minimal soft tissue, more obvious, 3 represents obvious thymic tissue, 4 represents moderate thymic tissue, and 5 represents thymic mass of possible concern for thymoma. CT scans were performed before and after subjects in both Arm A and Arm B had received 24 weeks of rhGH, thus Arm A underwent a CT scan at study entry and week 24 and Arm B underwent CT scans at week 24 and week 48. Radiologists were blinded to the subject clinical data and treatment arm.
Vaccinations
Immunocyanin [keyhole limpet hemocyanin (subunit with a molecular weight of 350-390 kDa), KLH, Immucothel] 0.1 mg (0.1 ml) was administered by intradermal injection into the forearm at weeks 16 and 20.
Statistical analysis
The primary endpoint of the study was change from baseline to week 24 in naive CD4 þ T cell percent, dichotomized into whether or not subjects had at least a 10 percentage point increase. Fisher's exact test was used to compare the primary endpoint between the two arms. Secondary endpoints included changes in T-lymphocyte subset frequencies and absolute counts, as well as changes in thymus index and TREC frequency over time. The Wilcoxon signed rank test and Spearman rank correlation were used to evaluate the sec-
ondary endpoints in each arm. Difference between the two arms was examined using the Wilcoxon rank sum test. Analyses were intent-to-treat, using the available data at each time point, regardless of treatment compliance. Reported p values are two-sided and unadjusted for multiple testing. Table 1 presents the baseline demographic information, CD4
Results
Baseline demographics
þ T cells and plasma HIV-1 RNA by treatment Arm. The median age was 47 years. The majority of subjects (91%) were between 30 and 59 years old. Most subjects were male (92%) and white (78%). The median baseline CD4 þ T cells was 219 cells=mm 3 . All subjects had been on ART for a median of 4.6 years. One subject had missing HIV-1 RNA entry value, but this subject had a plasma HIV-1 RNA <400 copies=ml at screening. Among the remaining 59 subjects, 53 had plasma HIV-1 RNA <50 copies=ml and all 59 had <400 copies=ml. No significant imbalances across treatment Arms were noted at baseline.
Subject disposition
Six subjects discontinued the study prior to week 48. Among Arm A subjects, two subjects were lost to follow-up and one subject discontinued due to severe debilitation. Among Arm B subjects, two subjects withdrew consent prior to study completion and one subject discontinued due to the inability to make study visits. One additional subject on Arm B went off study before week 48. This subject had a week 43 blood draw, which was carried forward for week 48 analysis.
HIV-1 RNA quantitation
One subject in Arm B experienced a viral rebound (defined as at least two consecutive HIV-1 RNA >1000 copies=ml) and was included in analysis. No subjects in Arm A experienced viral rebound.
CD4 lymphocyte changes
Baseline median total CD4 þ T cells for Arms A and B were 223 cells=mm 3 and 219 cells=mm 3 , respectively. Arm A subjects experienced a significant increase in total CD4 þ T cells from baseline to week 24 ( p ¼ 0.05), whereas Arm B subjects did not have a significant change in total CD4 þ T cells (Fig. 1a) . However, no significant difference was seen between the arms. Only one Arm A subject reached the study primary endpoint, which was at least a 10 percentage point increase in naive CD4
þ T cell percent. No significant change in naive CD4 þ T cell count or percentage was observed from baseline to week 24 in either Arm A or Arm B subjects and no significant difference was observed between the arms. However, Arm B subjects trended toward a decrease in naive CD4 þ T cell percentage (-2%, p ¼ 0.08) (Fig. 1b and c) .
By week 48, both arms had significant increases in total and naive CD4 þ T cell counts. From baseline to week 48, the median changes in total and naive CD4 þ T cells for Arm A were þ36 cells=mm 3 and þ26 cells=mm 3 , respectively ( p 0.001). The median changes in total and naive CD4 þ T cells in Arm B subjects were þ55 cells=mm 3 and þ23 cells=mm 3 , respectively ( p 0.001). In Arm B, there was a significant increase in naive CD4
þ T cells from week 24 to 48 (ART þrhGH, þ24 cells=mm 3 ) compared with from baseline to week 24 (ART alone, þ4 cells=mm 3 ) ( p < 0.001). A significant increase in naive CD4 þ T cell percentage from baseline to week 48 was seen in both Arms A and B (A: þ8%, p < 0.0001; B: þ4%, p ¼ 0.002) (Fig. 1c) . Ten subjects in Arm A and four subjects in Arm B had a !10 percentage point increase by week 48 with Arm A subjects having a greater increase by week 48 compared with Arm B subjects ( p ¼ 0.05). In Arm B, there was a significant increase in naive CD4 þ T cell percentage from week 24 to 48 (ART þrhGH, þ4%) compared to from baseline to week 24 (ART alone, À2%) ( p < 0.001).
We also compared T cell changes from baseline to week 24 for Arm A subjects and T cell changes from week 24 to week 48 for Arm B subjects. We found that 24 weeks of rhGH at 3 mg daily was associated with greater increases in naive 
Other lymphocyte subset analyses
There was no significant change in total or naive CD8 þ Tlymphocyte count or percentage following rhGH treatment in either treatment Arm. No significant change in memory CD4 cell count was observed in Arm A following rhGH treatment; however, Arm B had a significant increase at week 48 compared with baseline (þ27 cells, p 0.001).
There were no significant changes in the percentage of CD4 þ or CD8 þ T cells coexpressing the activation markers HLA-DR and CD38 following treatment with rhGH in either Arm. Both Arms showed significant increases from baseline to week 48 in the percentage of CD4 þ and CD8 þ T cells coexpressing CD28 following treatment with rhGH (
þ %: A þ5%, p < 0.0001; B þ6%, p ¼ 0.04). We evaluated Ki67 expression on naive CD4 lymphocytes to assess the affect of rhGH on cell turnover. Significant decreases in Ki67 expression from baseline to week 24 (median ¼ À1.70%, p ¼ 0.02) and week 48 (median ¼ -1.48%, p ¼ 0.01) were observed in Arm A. Arm A had a significantly greater reduction in Ki67 expression in naive CD4 cells from baseline to week 24 than Arm B during that period (-1.70% vs. þ1.00%, p ¼ 0.007) suggesting treatment with rhGH was associated with reduced naive CD4 lymphocyte turnover.
Recent thymic emigrants
Recent thymic emigrants were quantified by the level of TREC in PBMCs at baseline, week 24, and week 48. There was no significant change in TREC by week 24; however, by week 48 both Arms had significant increases: þ1.08 log 10 (23%) and þ0.47 log 10 (9%) for ARM A and B, respectively. When examining Arm B alone, log 10 TREC changes were not significantly different before and after rhGH treatment. When we examined both treatment Arms combined, greater increases in TREC were seen in subjects with low baseline TREC (þ2.38 log 10 vs. À0.09 log 10 , p < 0.001) (Fig. 2) .
We also examined expression of CD31 on naive lymphocyte as a possible marker of recent thymic emigrants. 21 Baseline CD31 percent was negatively correlated with age (r ¼ À0.36, p ¼ 0.006) and positively correlated with baseline TREC (r ¼ 0.28, p ¼ 0.03). Of naive CD4 cells 75% and 76% expressed CD31 at baseline in Arm A and Arm B, respectively. No significant difference in the percent of CD31 þ naive CD4 þ cells was observed before and after rhGH in Arm A. In Arm B, the percent of CD31 þ naive CD4 þ cells decreased in the 24 weeks before treatment with rhGH (median ¼ -3%, p ¼ 0.002); however, following rhGH treatment these cells increased significantly (median ¼ þ4%, p ¼ 0.03).
Thymus size
Thymus size was measured prior to treatment with rhGH and after 24 weeks of 1.5 mg rhGH daily in Arm A and after 24 
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weeks of 3.0 mg of rhGH in Arm B. Subjects in Arm B had significant increase in thymus index ( p ¼ 0.02), whereas subjects in Arm A had a marginally significant increase ( p ¼ 0.06). Seven of 11 (64%) in Arm A and 7 of 9 (78%) in Arm B had increases in thymus size (Fig. 3a) .
Insulin-like growth factor
Many of the biological effects of growth hormone are mediated by insulin-like growth factor type-1 (IGF-1). Significant increases in IGF-1 were observed in both Arms from baseline to week 48 ( p < 0.001). IGF-1 change was positively correlated with changes in total CD4 þ T cell count (r ¼ 0.29, p ¼ 0.05) and changes in thymus size (r ¼ 0.61, p ¼ 0.001) (Fig. 3b) . Unexpectedly, IGF-1 change was negatively correlated with changes in log 10 TREC (r ¼ -0.27, p ¼ 0.06).
Response to recall and neoantigens
Recall antigen response. Most subjects had positive LPA responses (stimulation index >10) to Candida and pokeweed mitogen (positive control) at baseline. There was no significant difference in these responses following rhGH treatment in either treatment Arm. Six subjects in Arm A and three subjects in Arm B had positive responses to whole killed HIV-1 at baseline. No new HIV-1 responses were observed at week 24 in either Arm. Two subjects in each Arm developed new whole HIV-1 LPA responses by week 48.
Neoantigen response. Only one subject in Arm A and no subjects in Arm B had positive LPA response to the neoantigen keyhole limpet hemocyanin (KLH) at baseline. Two subjects in Arm A and no subjects in Arm B developed new responses to KLH by week 24 and no significant difference was seen between the Arms. No new KLH LPA responses were observed in either Arm at week 48.
Adverse events
Through week 72, eight subjects discontinued the study due to adverse events. Carpal tunnel syndrome that was probably related to treatment with rhGH was diagnosed or suspected in six subjects. One subject had aseptic meningitis that was unlikely related to treatment with rhGH. One subject experienced progression of a previously diagnosed anal carcinoma that was possibly related to treatment with rhGH. These adverse events were equally distributed in both treatment Arms. Grade 3 or higher symptoms and laboratory GROWTH HORMONE, HIV, AND CD4 RESTORATIONevents were infrequent and were equally distributed in both treatment arms (Table 2 ).
Discussion
We have demonstrated that treatment with rhGH is associated with modest improvements in CD4 lymphocytes over ART alone in subjects with CD4 cell counts below 350 after a minimum of 1 year of ART. It is difficult to ascertain if the increases in CD4 lymphocytes resulted directly from treatment with rhGH or if they would have occurred with more time on ART alone. The fact that the degree of CD4 lymphocyte increase in Arm B during the 6 months of observation on rhGH was significantly greater than that observed on ART alone certainly suggests that rhGH had an effect. This finding is supported by the recently published study by Napolitano et al. in which HIV-infected subjects treated with rhGH demonstrated significant increases in naive and absolute CD4 þ lymphocyte count. Notably in that study the CD4 lymphocyte increases were more pronounced, possible as a result of a longer treatment period and larger total dose of rhGH. 22 We did not find a difference in the primary study endpoint, the proportion of subjects who achieved at least a 10% increase in naive CD4 percentage at week 24 comparing Arm A (rhGH treated) to Arm B (ART alone). This may have been an overly ambitious expectation giving the low dose of rhGH given to Arm A and the relatively short 24-week window.
We were able to demonstrate increases in thymus size and recent thymic emigrants (as measured by TREC content in PBMCs); however, we should note that the increase in TREC was modest. The observation that subjects with low baseline TREC had the greatest increases in TREC is consistent with observations of other investigators and could suggest that rhGH had the most benefit for those with poor thymopoiesis at baseline. 23 This observation warrants further investigation, albeit it may have been influenced in part by regression to the mean. Increased thymus size following ART has been associated with increased naive CD4 cells, increased TREC frequency, and broader T cell repertoire. 19, 20, 24, 25 Furthermore, one study demonstrated that the post-ART enlarged thymus of two subjects demonstrated normal thymus histology and normal thymopoiesis, thus suggesting the thymus is capable of contributing to naive CD4 lymphocyte recovery. 26 We must consider, however, the possibility that the increase in thymus size following rhGH may represent proliferation of thymic epithelial cells (which have been shown to have growth hormone receptors) rather than proliferation of thymocytes. 27 Thus, overall, our findings on the effect of rhGH on thymic output are inconclusive and the origin of the naive lymphocyte expansion is uncertain. It is possible that rhGH led to decreased cellular turnover (as evidenced by reduced KI67 expression on naive lymphocytes), which prolonged their half-life. In the aforementioned paper by Napolitano et al., 22 the proportion of CD4 cells that was activated (HLA-DR and CD38 þ ) decreased significantly following rhGH, which could also suggest prolonged CD4 survival. Alternatively, rhGH may have led to enhanced extrathymic naive lymphocyte proliferation comparable to the effect of interleukin (IL)-7. 28 Despite the increases in total and naive CD4 lymphocytes we have not been able to demonstrate significant improvement in immune function as measured by LPA responses to recall antigens, neoantigens, or HIV-1. This is in contrast to data reported by Pires et al., which demonstrated that daily administration of rhGH induced a significant increase in gagand whole HIV-1 antigen-specific proliferation after 12 weeks in 9 of 12 subjects included in their study. 29 The dose of rhGH used in that study was 4 mg=day, which is higher than that used in the present study. In addition, the criteria for positive LPA response (SI >5) was less conservative than that used in the present study (SI >10, which is additionally at least a threefold increase). It is uncertain whether our inability to demonstrate functional improvement results from the fact that no significant changes occur or that the currently available assays for measurement of immune function are unable to identify subtle changes in immune function in subjects with viral suppression on ART.
It is also possible that higher doses of rhGH would lead to greater change in immune function since we demonstrated that 24 weeks of 3.0 mg daily was associated with greater CD4 lymphocyte increase than 24 weeks of 1.5 mg and Napolitano et al. 22 had larger increases following larger total rhGH dose. However, other interventions such as IL-2, which were associated with significant CD4 þ lymphocyte increases over ART alone, did not consistently lead to improved vaccine responses as measured by LPA. 30 Overall, our data indicate that treatment of HIV-infected individuals with rhGH is associated with modest increases in naive CD4 þ T-lymphocytes, yet the origin of these naive cells and their impact on immune function require further investigation.
